Introduction
O besity is a major risk factor for several cardiovascular diseases (CVD), [1] [2] [3] [4] [5] including an increased risk of heart failure (HF). [6] [7] [8] The underlying causal links between obesity and cardiac dysfunction are complex. Obesity is associated with a higher risk of hypertension, 9 insulin resistance and diabetes mellitus, 4 inflammation, [10] [11] [12] socio-economic status and lifestyle, [13] [14] [15] all of which could increase the cardiovascular risk.
It is still controversial which anthropometric measure is most useful for assessment of the cardiovascular risk. BMI, being the marker for general fat, is the most practical and commonly used. However, the INTERHEART study, a multi-national case-control study of myocardial infarction (MI), reported substantially stronger relationships for the waist-hip ratio (WHR) than for BMI. 3 Because visceral fat is more metabolically active than other fat tissues, it has been proposed that WHR or waist circumference (WC) is preferable. 2, 16 However, few have studied the relationships with incidence of HF, and the results are not consistent. Some studies have shown that BMI, WC and WHR had similar prediction for incident HF. 17 Others found that abdominal body fat distribution may be a stronger risk factor for HF than overall obesity. 18, 19 The aim of the study was to explore the relationship between risk of HF hospitalization and different anthropometric measures, i.e. BMI, WC, WHR, body fat percentage (BF%), weight and height, in a population-based cohort study. We also explored whether there is any combined effect of the different anthropometric measures on the risk of HF.
Methods

Study population
The 'Malmö Diet and Cancer (MDC)' cohort, from the city of Malmö in southern Sweden, was used for the present study. Detailed information for MDC has been described previously. [20] [21] [22] In brief, all men and women, born between 1923 and 1950 in Malmö city were invited to the MDC study. During the period March 1991 to September 1996, 28 449 subjects (11 246 men and 17 203 women) underwent sampling of peripheral venous blood, measurement of blood pressure and anthropometric measures and filled out a self-administered questionnaire. Participation (rate of 41%) in the MDC study has been described in detail elsewhere. 21 In short, mortality has been shown significantly higher in non-participants both during and following the recruitment period. The participants in the MDC study were also compared with participants in a mailed health survey in Malmö 1994, with regard to subjective health, lifestyle and socio-demographic characteristics. The proportion reporting good health was found higher in the MDC study than in the mailed health survey (where 75% participated); however, socio-economic structure and prevalence of smoking and overweight/obesity were similar. 21 In the present study, subjects with history of cardiovascular events (MI or stroke, n = 970 subjects) or HF (n = 46 subjects) before the baseline examination were excluded. In addition, subjects (n = 780) were also excluded due to missing values of anthropometric measurements and other biological, life-style and socio-economic variables. Thus, the final study population in the analysis consisted of 26 653 (10 223, 38.4% men, and 16 430, 61.6% women) subjects, aged 45-73 years.
The ethics committee at Lund University Lund, Sweden, approved the study (LU 51/90), and all participants provided informed consent.
Baseline examinations
The examinations were performed by two trained nurses at the screening centre. Standing height was measured with a fixed stadiometer calibrated in centimetres. Weight was measured to the nearest 0.1 kg using balance-beam scale, with subjects wearing light clothing and no shoes. BMI was calculated as weight (kg) divided by the square of the height (m 2 ). Waist was measured as the circumference (cm) between the lowest rib margin and iliac crest and hip circumference (cm) as the largest circumference between waist and thighs. WHR was defined as the ratio of circumference of waist to hip. Bioelectrical Impedance Analyzers (BIA) was used for estimating body composition, and BF% was calculated using an algorithm, according to procedures provided by the manufacturer (BIA 103, RJL systems, single-frequency analyser, Detroit, USA). 23 Weight, height, BMI, WC, WHR and BF% were categorized into sex-specific quartiles Q1-4.
Information on current use of lipid, blood pressure-lowering and anti-diabetic medications, smoking habits, alcohol consumption, leisure-time physical activity, education level, civil status and immigrant status was obtained from a self-administered questionnaire. Blood pressure was measured using a mercury-column sphygmomanometer after 10 min of rest in the supine position. Leucocyte concentrations were analysed consecutively in fresh heparinized blood. Diabetes mellitus was defined as self-reported physician's diagnosis of diabetes, or use of anti-diabetic medications. Low level of leisure-time physical activity was defined as the lowest tertile of a score revealed through 18 questions covering a range of activities in the four seasons. The evaluation of the questionnaire has been previously reported. 24 Subjects were categorized into current smokers (i.e. those who smoked regularly or occasionally) or non-smokers (i.e. former smokers and never smokers). High alcohol consumption was defined as >40 g alcohol per day for men and >30 g per day for women. Educational level was classified into three categories. 'Primary education' included those who had <9 years of education, 'Some/completed secondary education' included those who had 9-12 years of education and 'Education at college or university level' included those who had >12 years of education. Civil status was categorized into married or not. Immigrant status was grouped as Swedish-born and foreign-born.
Ascertainment of cardiovascular events and HF
All subjects were followed from the baseline examination until a first hospitalization due to HF as primary diagnosis, emigration, death or 30 June 2009, whichever came first. The primary analysis included all HF hospitalization. Subjects were censored at first non-fatal MI in an additional analysis. HF was defined as code 427.00, 427.10, 428.99 (ICD-8); 428 (ICD-9); and I50, I11 (ICD-10) as the primary diagnosis. Non-fatal MI was defined as 410 (ICD-8 and -9) or I21 (ICD-10). The Swedish Hospital Discharge Register (SHDR) was used for case retrieval. Validation studies in the SHDR have shown a validity of 95% for a primary diagnosis of HF, and 94% for MI.
25,26
Statistical analysis
Cox proportional hazards regression was used to examine the association between anthropometric measures (in sex-specific quartiles) and incidence of HF hospitalization. Time axis was follow-up time until death, emigration, incident HF or end of follow-up. Hazard ratios (HR), with 95% confidence interval (CI), were calculated. Age and sex were included as covariates in the basic model. Secondly, we also adjusted for systolic blood pressure, leucocyte counts, use of blood pressure or lipid-lowering medication, diabetes mellitus, current smoking, high alcohol consumption, low leisure physical activity, low education, marital status and immigrant status. In an additional analysis we also censored subjects with incident MI before or concurrent with HF during the follow-up period. The Harrell's C statistics 27 were calculated to assess the HF prediction efficiency. The log likelihood ratio was calculated to assess whether the model was improved by adding anthropometric measures to the explanatory variables. Possible interaction between anthropometric measures and age, sex and cardiovascular risk factors on incident HF was explored by introducing interaction terms in the multivariate model. All analyses were performed using PASW version 18 (SPSS Inc., Chicago, IL, USA).
Results
Study cohort
The study population characteristics are presented in table 1. Overall, mean age at baseline was 58 AE 7.6 years, and 61.6% were women. Men compared with women were older, taller and heavier, had higher BMI, WC and WHR, and had a lower BF%. Men were more often hypertensive, high alcohol consumers and had more diabetes. Men were also more often married and had lower education as compared with women.
Risk of HF hospitalizations in relation to anthropometric measures
During a mean follow-up of 14 years, a total of 727 individuals (398 men and 329 women) were hospitalized with HF as primary diagnosis. Of them, 157 (91 men and 66 women) had an incident MI before or concurrent with HF hospitalization during follow-up. The latter group was censored at the time of the infarction in a secondary analysis.
The overall analysis showed that overweight and obesity increased the risk of HF hospitalization independently from several sociodemographic, lifestyle and biological factors. BMI, WC, WHR and BF% were significantly related to an increased risk of HF in both sexes ( figure 1 ). Interaction terms between sex and age, respectively, and different anthropometric indictors were added in the final Cox's proportional hazards model with adjustment for possible confounders. There was a statistically significant interaction between BMI with sex (P = 
Risk of HF hospitalization in relation to combined pattern of different anthropometric measures
Significant interaction was observed between BMI and WHR (P = 0.004), waist (P = 0.005), weight (P = 0.010) and height (P = 0.035), respectively, on hospitalization due to HF. The joint exposure of high BMI (the top quartile) and high WHR (the top quartile) further increased the risk in an additive way. Overweight subjects with high BMI combined with high WHR had a 2-fold higher risk compared with individuals with low or normal BMI (quartile 1-3) and low or normal WHR (quartile 1-3) (table 3) . A similar additive effect was observed for BMI and WC (table 3) .
Discussion
Previous studies have established an association between overweight or obesity and an increased risk of HF. The present populationbased cohort study extends these findings showing an independent association between overweight or obesity and risk of first HF hospitalization among middle-aged subjects. The relationships were independent of potential confounders, including multiple biological, lifestyle, and socio-economic factors. Overall weight, BMI, WC and WHR were anthropometric measures significantly associated to the risk of HF hospitalization with largely the same effect sizes for all measures. Although statistically significant, BF% showed weaker relationships with HF.
The underlying mechanism between obesity and HF is complex. Obesity is associated with a higher risk of hypertension, 9 insulin resistance and diabetes mellitus, 28, 29 which result in neurohormonal change and MI; obesity can also cause renal sodium retention, higher leptin 30 and inflammation oxidative stress. 11, 12 All of these circumstances can contribute to haemodynamic overload, leading to left ventricular hypertrophy, which per se increases the risk of HF. [31] [32] [33] The joint exposure of high WHR or high WC and high BMI further increased the risk in an additive way, which indicates that the location of body fat add additional information about risk of HF.
The main risk factors for HF include age, male sex, diabetes, hypertension, high levels of blood lipids, inflammation, smoking, high alcohol consumption, low physical activity and socioeconomic factors. 7, 10, [34] [35] [36] [37] [38] [39] In our study, overweight or obesity measured by BMI, WC, WHR or BF%, respectively, emerged as significant independent predictors of HF in multivariate models, taking these risk factors into account. This suggests that obesity by itself or its mediated mechanisms are responsible for HF. Ischaemic heart disease is another major cause of HF. In our additional analysis, the risk for HF hospitalization was only marginally changed after censoring 157 subjects with non-fatal MI during follow-up period. 
Strength and limitations
The strength of the study was the large numbers of subjects and events during a long follow-up period. Further, the cardiovascular endpoints, e.g. HF and MI, were retrieved from national registers with high case validity. 25, 26 A main limitation of the present study is lack of information on type and cause of HF. All HF cases were treated in-hospital as a primary diagnosis, and we were unable to include less severe out-patient HF cases. Because we have no information on the less severe cases, we cannot make any conclusion about them. However, in the MESA (Multi-Ethnic Study of Atherosclerosis) study, including men and women aged 45-84 years without clinically apparent CVD, obesity based on different anthropometric measures was found associated with concentric left ventricular remodeling in men as in women. 40 In that same cohort it has also been shown that overweight and obesity based on BMI were associated with differences in the right ventricular morphology, independent of left ventricular measures. 41 This supports the view that obesity also is associated with less severe cases of HF.
Another question is whether the study cohort was representative for the background population, as the participation rate of MDC was 41%. A previous study found no substantial difference in terms of socio-demographic structure or in prevalence of smoking and overweight/obesity among participants in the MDC study compared with a mailed health survey (where 75% participated) from the city of Malmö. 21 Additionally, we excluded 708 subjects owing to missing data of anthropometric, lifestyle or socioeconomic circumstances. In that group there were 36 cases of HF hospitalization during the follow-up period. Mean BMI, waist circumference, body fat percentage was somewhat higher, and rate of hospitalization due to HF significantly higher, among cases with than without missing data (n = 727) (Supplementary table S2) .
Change in exposure is an inherent problem in long-term cohort studies. We lack information on anthropometric measures during the follow-up period. It is possible that body fat distribution in some cases changed during the 15 years follow-up. However, this is usually a slow process and one study found that adipose tissue distribution is stable through the lifespan. 42 Finally, although we adjusted our analysis for several biological, lifestyle and socio-demographic factors, and because of the observational nature of the study, we cannot exclude the possibility of residual confounding; however, our data may indicate a link between anthropometric measures and an increased risk of HF hospitalization.
This study add to the previous knowledge 43 that both general adiposity and abdominal adiposity are associated with increased risk of CVD and death, and that use of waist circumference or waist-to-hip ratio in addition to BMI might be useful when assessing individual risk for CVD and its complications.
Conclusions
In conclusion, elevated BMI, WC, WHR and BF% increase the long-term risk of HF hospitalization with the similar effect. The joint exposure of high BMI and high WHR or high WC further increased the risk in an additive way.
Supplementary data
Supplementary data are available at EURPUB online.
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Key points
There was an independent association between overweight or obesity and risk of first HF hospitalization among middle-aged subjects.
In conclusion, elevated BMI, WC, WHR and BF% increase the long-term risk of HF hospitalization. The joint exposure of high BMI and high WHR or high WC further increased the risk in an additive way. Additional information of WC and WHR to BMI might be useful when assessing individual risk for CVD and its complications.
